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IRRADIATION O F  HIGH PURITY ALUMINA 

ABSTRACT 

In- s i tu  m e a s u r e m e n t s  of e lec t r ica l  res i s t iv i ty  and voltage breakdown 

w e r e  pe r fo rmed  on cy l indr ica l  specimens of high pur i ty  alumina. 

spec imens  w e r e  i r r ad ia t ed  in  the NASA P l u m  Brook Reac tor  f o r  1290 h o u r s  

at t e m p e r a t u r e s  of 800 to 1000°C and received a f a s t  neutron (> 1 MeV) dose  

of 1 .4  t o  1 .  6 x 10 

m e a s u r e m e n t s  a re  r epor t ed  and  analyzed; the r e s u l t s  of the pos t - i r rad ia t ion  

examinat ion of the spec imens  a r e  presented.  

Eight  

20 nvt. Data of the p re - i r r ad ia t ion  and  in-s i tu  e l e c t r i c a l  

V 
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IRRADJATION O F  HIGH PURITY ALUMINA 

SUMMARY 

Insulator  m a t e r i a l s  for  nuc lear  thermionic applications m u s t  have 

p rope r t i e s  to sat isfy such  charac te r i s t ics  a s :  

ce s ium vapor and r e f r ac to ry  m e t a l s ;  coefficient of t he rma l  expansion s i m i l a r  

to  that of ce r t a in  r e f r a c t o r y  me ta l s ;  high e l e c t r i c a l  r e s i s t i v i ty  and voltage 

breakdown; r e s i s t ance  to radiat ion damage; and good fabricabili ty.  

date m a t e r i a l  for this  application i s  high pur i ty  alumina (A1 0 ). 

of the nuc lear  environment on the e lec t r ica l  cha rac t e r i s t i c s ,  dimensional  

stabil i ty and thermal -mechanica l  integrity mus t  be known and  a n  i r rad ia t ion  

p r o g r a m  was pe r fo rmed  accordingly.  

chemical  compatibil i ty with 

A candi-  

The effects  2 3  

The objective of this p rogram was to obtain engineering data on high 

puri ty  a lumina proper t ies  a s  a function of exposure in  a nuclear  environment  

with the t e s t  conditions being consistent with those requi red  in  thermionic  

applications.  

High puri ty  (99.  5%) alumina specimens,  nontranslucent  high-strength-  

grade  Lucalox was  used  in  the experiment.  

ana lys i s  was  pe r fo rmed  p r io r  to i r radiat ion.  

detected was 5000 ppm of magnes ium (used a s  a densification additive). The 

m a t e r i a l  was  single phase  alpha with a s m a l l  amount of isolated poros i ty  and 

a uniform gra in  s ize  with a n  ave rage  grain d iameter  of approximately 0. 0005 

inch. 

s ide d i ame te r  and a wal l  thickness  of 0.030 inch. 

1 / 1 6  inch was incorporated in the design of the specimen to faci l i ta te  mechani -  

ca l  assembly .  

Chemica l  and metal lographic  

The only significant impur i ty  

The spec imen dimensions w e r e  0. 750 inch in length, 0. 625 inch out- 

A l ip  of approximately 

The i r rad ia t ion  capsule w a s  designed to accommodate  eight a lumina 

spec imens .  The capsule a s sembly  consisted of a n  inner e lec t rode  of Kovar ,  
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the Lucalox specimen,  and an  outer molybdenum electrode.  Located 

immedia te ly  outside the molybdenum electrode w e r e  four segments  of high 

puri ty  a lumina serv ing  a s  isolat ion insulators ,  which w e r e  supported by fluted 

s t a in l e s s  s t ee l  r e t a i n e r s  which a l s o  served a s  control led heat conduction paths.  

The capsule  instrumentat ion consis ted of the continuous common Kovar e l ec -  

t rode ,  a nickel  e lectrode measu remen t  wi re  that was  welded to  each of the 

molybdenum e lec t rodes  and the common center  e lec t rode ,  

was  i n s e r t e d  down the cen te r  hole of the Kovar inner  e lec t rodes .  

sheathed P t .  v s  P t -13% Rh thermocouples were  used to m e a s u r e  four of the 

inner  e lectrode t empera tu res  during operation. 

contained in a s ta in less  s t e e l  tube - 40 inches long in o rde r  that  the vacuum- 

tight e l ec t r i ca l  feed-through consisting of 15 individual c e r a m i c - t o - m e t a l  

s e a l s  be positioned in  a low tempera ture ,  low neutron flux region. 

e l e c t r i c a l  l ead  was  ins ta l led  in the ce ramic - to -me ta l  s e a l  along with a t he rmo-  

couple to m e a s u r e  the lead and s e a l  leakage s o  this could be subt rac ted  f r o m  

the m e a s u r e m e n t s  made on the specimen. The ma in  source  of heat  was  p r o -  

vided by the gamma hea t  of the reac tor .  An e l e c t r i c a l  hea t e r  was  located on 

the outside of the s ta in less  s t ee l  vacuum container to provide a fine t e m p e r -  

a t u r e  control.  

vacuum container and the r eac to r  coolant. 

vided the hea t  t r a n s f e r  medium f r o m  the vacuum container  to the r eac to r  

coolant. 

A nickel flux wi re  

Four  Inconel 

The en t i r e  a s sembly  was  

A dummy 

A s t a in l e s s  s t e e l  containment provided the b a r r i e r  between the 

Helium g a s  a t  about 175 p s i  p r o -  

Al l  t empera tu res  w e r e  r eco rded  on a mult i -point  r e c o r d e r .  Leakage 

c u r r e n t  through the alumina specimens were  m e a s u r e d  by an  e l ec t rome te r .  

D i rec t  c u r r e n t  voltage was  applied by a regula ted  power supply. 

h e a t e r s  in the capsule  w e r e  powered by a var iab le  t r a n s f o r m e r .  

f r o m  the common center  e lec t rode  to  each individual outer  e lec t rode  was  

supplied b y  the power supply through a se lec tor  switch to  se l ec t  the e lec t rode  

for  individual measu remen t s .  The cu r ren t s  f r o m  the instrumentat ion l eads  

w e r e  m e a s u r e d  with a n  e l ec t rome te r  circuit .  The lead  r e s i s t a n c e s  w e r e  on 

the o rde r  of 10 ohms,  while the r e s i s t ance  of the c e r a m i c - t o - m e t a l  

The t r i m  

The voltage 

6 

2 



GEST-2 10 1 

feed-through was  on the o rde r  of l o 5  ohms higher  than the specimen r e s i s t -  

ance  a t  t empera tu re .  

An ins t rumented  mock-up of a single spec imen assembly  was f ab r i -  

cated and tes ted out-of-pile in a vacuum bel l  j a r .  The purpose of this  t e s t  

w a s  to  de te rmine  the hea t  t r ans fe r  cha rac t e r i s t i c s  and the adequacy of the 

capsule design. 

design w e r e  sat isfactory.  During th i s  t e s t ,  e l e c t r i c a l  r e s i s t i v i ty  m e a s u r e -  

men t s  w e r e  pe r fo rmed  on the alumina specimen.  

data points ;  however,  the r e s u l t s  compare favorably with published data.  

Typical  values  a r e  presented  in Table  I below. 

The t e s t  r e s u l t s  indicated that the heat  t r ans fe r  and capsule 

The re  was  sca t t e r  in the 

TABLE I .*. 
Elec t r i ca l  Resis t ivi ty  Values"' of Alumina (ohm-cm)  

TemDerature .  OC 

600  800  1000 

1 x 10 7 

6 
1 x 10 Lucalox T e s t  (out-of-pile) 

Publ ished Data 2 x  1 0  3 x 10 2 x 1 0  

(*"Average va lues  i n  the sca t t e r  band of data)  

8 9 
9 

3 x 10  

.b 

During the i r rad ia t ion ,  measu remen t s  w e r e  made  of e l ec t r i ca l  r e s i s t i v i ty  

and breakdown voltage cha rac t e r i s t i c s ,  

fast flux of approximately 4 x 1013 nv  with neutron ene rg ie s  g r e a t e r  than 1 MeV, 

and a t h e r m a l  flux of 2 x 1 0  

4 to  6 wat t s  p e r  g ram.  

during the cour se  of the i r radiat ion.  

approximately a f a c t o r  of five (5) higher than the out-of-pi le  data. However,  

the slope of the e l e c t r i c a l  r e s i s t i v i ty  plotted as a log function of t empera tu re  

is the s a m e  f o r  in-pile and out-of-pile data. The t e s t  data  a l s o  indicate  that 

for the total  exposure  of 1290 hours ,  the to ta l  integrated neutron dose did not 

appear  t o  change the r e s i s t i v i ty  of the specimens.  

The i r rad ia t ion  faci l i ty  provided a 

14 
nv. The gamma heating w a s  in  the range  of 

Specimen t e s t  t empera tu res  ranged  f r o m  800 to  1000°C 

The in-pi le  e l e c t r i c a l  r e s i s t i v i ty  was  

The total  f a s t  in tegra ted  

3 
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spec imen  had a c i r cumfe ren t i a l  f rac ture  a t  the in t e rna l  flange. A com-  

20 neut ron  flux was  approximately 1 . 6  x 10 

about 1.4 x 10'' nvt for  the lowest  exposure,  With the exception of one 

spec imen,  t he re  was  no evidence of voltage breakdown when 300 V d. c. 

w a s  appl ied to each  specimen.  

nvt, a 1 /8  a m p e r e  fuse in  s e r i e s  with the e lec t rode  m e a s u r e m e n t  l ine fa i led  

at 270 volts indicating a n  e l ec t r i ca l  breakdown. 

the same events  occurred .  

p e r f o r m e d  on the specimen resu l ted  in values  ident ical  to those obtained 

p r i o r  to the fa i lure  of the fuse.  

any evidence of an e l ec t r i ca l  breakdown of the alumina.  

nvt fo r  the highest  exposure  to 

20 In one spec imen a t  a n  exposure of 1 x 10  
1 

After the fuse  w a s  rep laced ,  

However,  e l ec t r i ca l  r e s i s t i v i ty  m e a s u r e m e n t s  

Pos t - i r rad ia t ion  examinat ion failed to yield 

4 
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INTRODUCTION 

A. E l e c t r i c a l  Insulator Requi rements  
for Nuclear  Thermionics  

The nuc lear  thermionic  space power s y s t e m s  r equ i r e  e l e c t r i c a l  

insu la tor  m a t e r i a l s  which m u s t  m e e t  a unique s e t  of r equ i r emen t s  of 

physical  p rope r t i e s .  Examination of available data (12Y6, 15,201 for  ceramic 

e l e c t r i c a l  insu la tors  for use in thermionic and nuc lear  environments  h a s  

shown that  a lumina is a na tu ra l  choice for a number of r easons .  Alumina 
h a s  good compatibil i ty c h a r a c t e r i s t i c s  with r e f r a c t o r y  m e t a l s  (16 ,4 ,  13, 31) 

such  a s  tungsten and molybdenum; i t  has a good ma tch  of t he rma l  expansion 

with niobium ( 6 y  2 0 )  ; i t  h a s  high e lec t r ica l  r e s i s t i v i ty ,  and t h e r m a l  con- 

ductivity, and i t  h a s  no phase changes a t  the requi red  operat ing t e m p e r a -  

t u r e ~ ' ~ ~ ) .  Much indus t r ia l  experience has  been gained f r o m  the wide use  

of this m a t e r i a l  in ce ramic - to -me ta l  sea ls  and in ces ium vapor environ-  

m e n t ~ ' ~ ~ ) .  

down voltage while operat ing a high neutron flux a t  t empera tu res  f r o m  800 

Data w e r e  not avai lable  on the e l e c t r i c a l  r e s i s t i v i ty  and b reak -  

to  l o o o o c .  

A p r o g r a m  was  therefore  initiated to  i r r a d i a t e  high pur i ty  a lumina in 
0 the t empera tu re  range  of 800  to 1000 C in o r d e r  to  obtain engineer ing design 

data  (51y 52) .  The p r o g r a m  objectives were  as  follows: 

1. To  design and fabr ica te  a capsule for  the i r r ad ia t ion  of eight high 

pur i ty  alumina spec imens  in the P lum Brook Reac tor .  

2. T o  de termine  the effects  of i r radiat ion on the e l e c t r i c a l  c h a r a c t e r i s t i c s  

of the alumina. 

t ivity and voltage breakdown cha rac t e r i s t i c s  a t  e levated t empera tu re .  

To pe r fo rm in-s i tu  m e a s u r e m e n t s  of e l e c t r i c a l  r e s i s -  

3. T o  p e r f o r m  pos t - i r rad ia t ion  examination of the alumina and to d e t e r -  

mine  the effects  of radiat ion on the dimensional  stabil i ty.  

5 
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B. Technical Considerations - 
Li te ra tu re  Search  

In nuclear  thermionics ,  an  e l ec t r i ca l  insulator m a t e r i a l  i s  needed 

between the  co l lec tor  and outer metall ic shea th  which is exposed to the r e a c t o r  

coolant.  

such a s  r ad ia l  and axial  s p a c e r s  and intercell  shields .  

of the r e a c t o r  s y s t e m s ,  the thermionic  ce l l s  mus t  be connected in e l ec t r i ca l  

s e r i e s .  This  places a n  important  s e t  of requi rements  on the e l ec t r i ca l  shea th  

insulator  ma te r i a l ;  high e l ec t r i ca l  res is t ivi ty  at operat ing t empera tu res  in the  

presence  of a nuc Lear environment,  adequate d ie lec t r ic  s t rength,  compatibil i ty 

with r e f r ac to ry  m e t a l  components , thermal  expansion match  with the metal l ic  

shea th  m e m b e r ,  and e a s e  of fabrication. 

the se lec t ion  of suitable insulator  mater ia l s  becomes l imited.  One insulator  

m a t e r i a l  that  appea r s  to  bes t  sat isfy these r equ i r emen t s  and which has  been 

widely used  in  thermionics  is  high purity a lumina.  

I n  addition, t he re  a r e  o ther  requi rements  fo r  the insulator  m a t e r i a l  

To  build up the voltage 

With these  demanding requi rements  , 

While out-of-pile data  on the e lec t r ica l  res i s t iv i ty  and voltage b reak -  

down c h a r a c t e r i s t i c s  w e r e  available,  a s e a r c h  of the l i t e r a tu re  yielded no 

information on these p rope r t i e s  with both high t empera tu re  and neutron f l u x  

exposure.  

6 
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EXPERIMENTAL APPROACH 

A. Irradiat ion Conditions 

The alumina insulator  t e s t  conditions, configuration, t empera tu re ,  

and  e l e c t r i c a l  voltage gradien ts  selected w e r e  representa t ive  of design con-  

dit ions ant ic ipated f o r  nuclear  thermionic applications.  

e ight  spec imens  of high pur i ty  a lumina (Lucalox) was  designed to be  t e s t ed  

in  the P l u m  Brook Reac tor  under the following conditions: 

A capsule  containing 

1. 

2. 

3. 

4. 

5. 

6. 
7. 

8. 

Tempera tu re  

Environment  

F lux  

Exposure  Rate  

Total  Exposure  

Gamma Heat 

Voltage Gradient  

T e  s t P o  si tion 

800  - 1000°C 

vacuum 10 -10 mm Hg 

> 10 nv t h e r m a l  

> 1013 nv f a s t  > 1 MeV 

> 1019 nvt /day  t h e r m a l  

> lo2 '  nvt f a s t  > 1 MeV 

4 to 6 WJg 

2 t o  5 V / m i l  

LD-11 and LA-11 

- 5  -6 
14 

B. Mate r i a l  Character izat ion 

The high pur i ty  a lumina selected for this i r r ad ia t ion  expe r imen t  was  

a nontranslucent  high s t r eng th  g rade  of G E  ' 'Lucalox". 

spec imen  is shown in  F igu re  1. 

w a s  analyzed by  spec t rographic  and metal lographic  technique. 

A typical  Luca lox  

P r i o r  to i r rad ia t ion ,  one Lucalox spec imen 

1 .  C hemica  1 Char  a c t  e r iz  a tion 

The  chemica l  composi t ion is presented in Table  I. The spec t rographic  

ana lys i s  w a s  pe r fo rmed  on two different  a r e a s  of one spec imen  and w a s  

characteristic of Lucalox alumina. 

w a s  Mg (in solution in the A1203) which w a s  p re sen t  at 5000 ppm. 

The  only significant impur i ty  observed  

7 
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Figure 1. L U C A L O X  TEST SPECIMEN 

8 
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TABLE I 

Chemica l  Composition of Lucalox 

C a  
co 
B 
Mg 
Mn 
Pb 
Si 
Fe 
C r  
N i  
B i  
A1 
Mo 
Sn 
V 
c u  
Cd 

Zn  
N a  
Sb 
Ba  
T i  
Cb 
s c  
Y 
K 

Ag 

A r e a  1 

< 1 P P m  
< 10 
< 10 
5 , 0 0 0  
< 10 
< 10 

100 
< 10 
< 10 
< 10 
< 50 
Major  
< 10 
< 50 
< 10 
< 1  
< l o o  
< 1  
< 50 
< 50 
< 10 
< 10 
< 10 
< l o o  
< 10 
< 10 
< 10 

A r e a  2 

< 1 PPm 
< 10 
< 10 
5,000 
< 10 
< 10 

100 
< 10 
< 10 
< 10 
< 50 
Major  
< 10 
< 50 
< 10 
< 1  
< l o o  
< 1  
< 50 
< 50 
< 10 
< 10 
< 10 
< l o o  
< 10 
< 10 
< 10 

I 9 
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2. Metallographic Analyses 

Only alpha phase  alumina w a s  observed metallographically.  

The  spec imen was slightly m o r e  porous than  t rans luscent  Lucalox. 

porosity in the cy l indr ica l  pa r t  of the  specimen is  i l lustrated in the ce ramograph  

of F igu re  2. 

porosi ty  was  not expected to significantly affect  the e l ec t r i ca l  conductivity of 

the body when compared  to  100% dense Lucalox. 

The 

The pores  in the l ip  were  somewhat  l a r g e r  in s i z e ;  however,  this  

The  Lucalox spec imen was etched t o  r evea l  the g ra in  boundaries  and 

a typical  m i c r o s t r u c t u r e  is i l lus t ra ted  in F igu re  3 .  

small and  typical  of the  "high-strength" grade  of Lucalox. The  g ra in  s i ze  

is un i form throughout the en t i re  body; the average  g r a i n  d i ame te r  is about 

0 .  0005 inch. 

The  g ra ins  w e r e  relatively 

3 .  Elec t r i ca l  P r o p e r t i e s  

Data on the  specif ic  r e s i s t ance  as  a function of t empera tu re  f o r  

Lucalox were  obtained f r o m  the  vendor; (25) the  data are  plotted in  F i g u r e  
4, along with data on high purity alumina obtained f r o m  other  re ferences .  (6 ,4 *  2 0 )  

A s  seen  f r o m  this  f igure,  the Lucalox data f a l l s  i n  a band which is 

typical fo r  published data on e lec t r ica l  p roper t ies  of alumina. Resis t ivi ty  

measu remen t s  were  per formed on the  Lucalox spec imens  used  in  th i s  

exper iment  and the  r e su l t s  a r e  presented in  the following section. 

C. Capsule Design 

I n  o r d e r  t o  obtain a symmet r i ca l  heat  dis t r ibut ion fo r  t he  g a m m a  

heated alumina spec imens  and to  achieve a good e l ec t r i ca l  and t h e r m a l  

contact with the spec imen at the  operating t e m p e r a t u r e s  of the  exper iment ,  

a cy l indr ica l  spec imen geometry  was  selected for  the  capsule  design. 

design approach  is a l so  consis tent  with the requi rement  

ative nuc lear  thermionic  components. 

This  

of tes t ing r ep resen t -  

1 0  
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F igur  e 
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*-* . . - 
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F i g u r e  3. MICROSTRUCTURE O F  THE 
CYLINDRICAL SECTION 
SHOWING GRAIN STRUCTURE.  
E T C H E D ,  150X 

t 
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The capsule design ana lys i s  included hea t  t r a n s f e r ,  mechanica l  

and t h e r m a l  s t r e s s ,  gamma heat distribution the co re ,  e l e c t r i c a l  c i r c u i t r y  

and p rope r  selection of e lec t rode  mater ia l s .  

configuration that evolved f r o m  this  analysis  is shown in F igure  5. 

spec imen a s sembly  consis ted of a n  inner Kovar e lec t rode  se lec ted  to match  

the t h e r m a l  expansion of a lumina,  the alumina specimen with an  end l ip  

designed t o  a s s i s t  in mechanical  assembly  of the capsule  and to minimize 

e l e c t r i c a l  leakage a c r o s s  the ends of the spec imens ,  a molybdenum outer 

e lec t rode ,  four segments  of an  e lec t r ica l  isolation insu la tor ,  a finned- s ta in less  

s t e e l  t h e r m a l  conduction m e m b e r ,  a s ta inless  s t ee l  container and a s t a in l e s s  

s t ee l  capsule  container .  

chemica l  compatibil i ty with alumina, and a the rma l  expansion match  with 

alumina such  a s  to  provide sufficient contact to  minimize  the rma l  and e l e c t r i -  

c a l  contact r e s i s t ance  

The capsule  subassembly  

The 

The select ion of e lec t rode  m a t e r i a l s  was  based on 

The i r rad ia t ion  capsule consisted of eight Lucalox spec imens  and the 

sub-assembly  specimen holders .  

capsule  is shown in F igu re  6. 

posit ion LA-11, the co rne r  of the active region of the c o r e  in the P lum Brook 

Reac tor  Fac i l i ty  [PBRF).  

a s  a function of c r i t i c a l  co re  position were provided by the P B R F  P r o j e c t  

Engineer  and a r e  shown in F igure  7, 

h e a t  t r ans fe r  ana lys i s  in the capsule design. 

A drawing of the longitudinal section of the 

Irradiat ion of the capsule  was  scheduled for  

Data on the gamma hea t  genera ted  in  this  posit ion 

These data provided the b a s i s  for  the 

D. Capsule Component Test ing 

S e v e r a l  capsule  component t e s t s  w e r e  pe r fo rmed  to ver i fy  the capsule 

design ana lys i s .  

e lectrode sub-assembly ,  e l ec t r i ca l  res i s t iv i ty  of a lumina and a n  evaluation 

of e l e c t r i c a l  contact r e s i s t ance .  The tes ts  and the r e s u l t s  a r e  summar ized  

herein.  

included i n  the appendix. 

These  t e s t s  included a the rma l  mock-up of the specimen 

A m o r e  detai led descr ipt ion of the exper iments  and d iscuss ions  a r e  

1 3  
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316 S.S. (7 -8 )  
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Hea te r  (8 -9 )  

He G a s  Gap (0,020 ' I )  

( 9 -10 )  

Capsule  Can 
316 S.S. (10-11)  

Conduction Fins  
316 S.S. ( 6 - 7 )  

( 1 - 2 )  oue  

Luca lox  ( 2  - 3 )  
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316 S.S. ( 5 - 6 )  

F i g u r e  5. ALUMINA SPECIMEN AND HOLDER 
SUBASSEMBLY F O R  IRRADIATION 

EXPERIMENT 
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1. T h e r m a l  Mock-up of Capsule Sub-Assembly 

A t h e r m a l  mock-up was Iabricated and tes ted in o rde r  t o  confirm the 

calculated to le rances  that w e r e  determined by the t h e r m a l  ana lys i s  of the 

capsule  and the cold to le rances  necessary  f o r  a s sembly  a s  well  a s  the mechani -  

cal and t h e r m a l  integri ty  of the specimen e lec t rode  assembly .  The capsule  

sub-assembly  tes ted  cor responded to the unit i l lus t ra ted  in F igu re  5. This  

unit was  completely ins t rumented  and heated by radiat ion hea t  supplied by a 

tungsten f i lament  and was  tes ted in a vacuum environment.  

used to m e a s u r e  the e l e c t r i c a l  res is t ivi ty  of the Lucalox specimen.  

the testing p r o g r a m ,  the sub-assembly  was a l s o  subjected to a l imi ted  

number of thermal cycles .  Detai ls  of the exper iment  a r e  p re sen ted  in  

Appendix A .  

The unit was a l s o  

During 

Heat  t r ans fe  r calculations w e r e  per formed using the t e s t  data obtained 

f r o m  the exper iment  and co r robora t ed  the r e su l t s  of the design ana lys i s .  

t es t ing ,  the  unit was d isassembled  and the Lucalox appeared  i n  good condition, 

Af t e r  

with the exception of t h r e e  hair l ine c racks  observed  i n  the lower l ip  a r e a ;  

I 
the  cy l indr ica l  t e s t  a r e a  of the Lucalox w a s  sound and c r a c k  f r ee .  No d is -  

to r t ion  o r  dimensional changes of the par ts  o c c u r r e d ;  this sat isf ied the 

to le rance  requi rements .  The only other des ign  f ac to r  that  remained  to  be 

, evaluated was  the e l e c t r i c a l  measurements  and e l e c t r i c a l  contact r e s i s t ance .  

2 .  E l e c t r i c a l  Measurements  of Lucalox 

During the t h e r m a l  mock-up t e s t  of the Lucalox spec imen e lec t rode  

a s sembly ,  e l ec t r i ca l  res i s t iv i ty  measurements  of the Lucalox spec imen  

were  performed.  

with published data of the res i s t iv i ty  of alumina m e a s u r e d  in  a n  air environ-  

ment .  Although the  r e su l t s ,  i n  genera l ,  a r e  i n  ag reemen t ,  the res i s t iv i ty  

m e a s u r e d  i n  a vacuum a r e  somewhat higher pa r t i cu la r ly  a t  higher  t e m p e r a t u r e s .  

The de ta i l s  of the t e s t s  a r e  covered  in Appendix, Sect ion A .  1. 

The data a r e  plotted in F igu re  A .  1 of the  appendix, along 

17 
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In another  test, a Lucalox specimen and the  e lec t rode  a s sembly  was  

used to m e a s u r e  the e l ec t r i ca l  res is t ivi ty  (ohm-cm;  n - c m )  of the spec imen under 
i s o t h e r m a l  conditions i n  a vacuum environment. 

at 99OoC, and the  r e su l t s  of e l ec t r i ca l  res is t ivi ty  compare  favorably with 

published data on pure polycrystall ine and single c r y s t a l  a lumina.  

and de ta i l s  of the t e s t  a r e  presented  in Appendix A.  

Measuremen t s  were  made  

The  data 

During the design ana lys i s ,  concern was  expres sed  over  the possible 

contact  r e s i s t ance  masking the res i s tance  of the  spec imen  s ince a s l i p  f i t  

type des ign  was  used. 

at t e m p e r a t u r e  was  used instead of bonding. 

that  the contact  r e s i s t a n c e  is much l e s s  than the spec imen r e s i s t ance  a t  all 

expe r imen ta l  conditions for  the proposed configuration. 

showed tha t  a res i s t iv i ty  minimum of l o 5  n - c m  was  expected for  the spec imen 

during the experiment .  

of about 6 x 10 nQ 
3 than 6 x 10 n. 

T h e r m a l  expansion of tk par t s  t o  make  a solid contact 

The problem reduces  to showing 

The design ana lys i s  

This  cor responds  to  a spec imen r e s i s t a n c e  min imum 
3 Thus,  i t  was necessary  to have a contact  r e s i s t ance  l e s s  

Information on useful values for  the contact r e s i s t a n c e  exper ienced  

f r o m  metal- to-oxide p r e s s u r e  contacts  were  not available.  The re fo re ,  a n  

exper imenta l  study was  pe r fo rmed .  

contacts  between some  m e t a l s  and an oxide, impose a d - c  potential  a c r o s s  

the couple, m e a s u r e  the resul t ing cur ren t ,  and  m a p  the potent ia l  d rops  with 

a potent iometer .  

a t u r e ,  a s ingle-phase,  semi-conducting oxide was  subst i tuted for  the a lumina  

insulator .  The oxide used  w a s  Nb 0 i t  was  ful ly-dense and  f ine-grained.  2 4.978; 
The  r e s i s t i v i ty  of this  oxide a t  r o o m  tempera ture  was  about  1 n - c m .  

var ious  metals (Cu,  Au, P t ,  and Mo),  the potential  was  mapped along the 

m e t a l  and  the specimen. 

steel spec imen interface was  determined. 

i n  Table 11. R is the m e a s u r e d  contact r e s i s t ance .  Over  the p r e s s u r e  range  

The method used w a s  to f o r m  p r e s s u r e  

In o r d e r  to allow measuremen t s  to  be taken a t  r o o m  t emper -  

Using 

In addition, the potential  d rop  a c r o s s  the s t a in l e s s  

The r e s u l t s  a r e  s u m m a r i z e d  in  

C 

18 
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studied (10-50 ps i )  R 

a r e a  was  approximately 1 c m  . 
weight) load. 

was  relat ively unaffected by p r e s s u r e .  The contact 
2 C 

The applied p r e s s u r e  was  a s ta t ic  (dead 

Interface 

TABLE I1 

Contact Resis tance 
R 

I V c 2  
(amps) (volts)  ( o h m s / c m  ) 

ss - c u  0.041 0.00033 0. 0083 

Cu-Au-NB205 0.041 0. 842 20.5 

Nb205 -SS 0.042 6 > ~ V > 1 . 5  143>R>35. 7 

Cu-NB205 0.027 6>nV>l. 5 222>R>55.5 

Cu-Pt  0.0375 0 .0001 0.0026 

Pt - NbZO 0.037 1 .  46 39. 5 

Mo -Nb205 0.023 - 3  - 130 

T h e  contact  r e s i s t ance  between a polished oxide su r face  and a sof t  
2 

m e t a l  (e. g. Au) was about 2 0  n / c m  

ductile m e t a l  (e. g. Mo) the r e s i s t ance  was about 150 n / c m  . 
the  contact  r e s i s t ance  d e c r e a s e s  with both increas ing  p r e s s u r e  and 

increas ing  t empera tu re .  

(<<lo 

and  wel l -pol ished su r faces  were  maintained fo r  both insulator  and metal 

contacting p a r t s  in the operating t empera tu re  range of 800 to 1000 C.  

under 10 t o  50  ps i  p r e s s u r e .  F o r  a less 
2 It was  c l e a r  that 

The re fo re ,  contact r e s i s t ance  should be negligible 
4 o h m s )  in  the in-pi le  exper iment  provided c lose  dimensional  t o l e rances  

0 
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t 

E. Capsule Instrumentation and Console 

1 .  Ins t rumenta t i  an 

The Kovar inner e lec t rodes  were welded together to f o r m  a continuous 

common e lec t rode  and t o  a id  in  the assembly  of the  capsule.  

measu remen t  wi re  was  welded to  each  of the molybdenum e lec t rodes  and the 

common cen te r  e lectrode.  A nickel f l u  wi re  was  in se r t ed  down the  c e n t e r  

hole of the Kovar inner e lec t rodes .  

thermocouples  which m e a s u r e d  four of the inner  e lec t rode  t empera tu res  

during operat ion were  a l s o  included. 

thermocouples  were  insulated with high purity a lumina tEbing and routed 

through the flutes of the s ta in less  s t e e l  re ta iners .  

contained in  a s t a in l e s s  s t ee l  tube approximately 40 inches long S O  that  the  

vacuum-tight e l ec t r i ca l  feed-through consisting of fif teen individual c e r a m i c  - 
t o -me ta l  s e a l s  was  placed in  a cool, low f l u x  region. 

min imize  effects due to  the  leakage res i s tance  of the ce ramic - to -me ta l  seal 

and any changes due to radiation. 

were  placed in the s e a l  s o  t h e  leakage could be subtracted f r o m  the data  

taken fo r  each spec imen.  

sheaths  were  brazed  into the vacuum feed- through. 

A nickel e lectrode 

F o u r  Inconel sheath P t  vs.  P t  13% Rh 

The w i r e s  f r o m  the e lec t rodes  and the 

The en t i re  a s s e m b l y  was 

This  was  done to  

A dummy e lec t r i ca l  lead and thermocouple  

The instrumentation leads and the thermocouple 

Immediately outside of the s ta inless  s tee l  vacuum can  was a n  e l ec t r i ca l  

hea t e r  used t o  provide fine tempera ture  cont ro l  of the  capsule  during 

i r radiat ion.  

vided the  b a r r i e r  between the capsule  and the  r eac to r  cooling water .  

region between the  vacuum can  and the containment can  was fi l led with 

approximately 175 psig of helium, which provided the heat  t r a n s f e r  med ium 

f r o m  the vacuum can  to the  r eac to r  coolant. 

couple w i r e s  on the ex terna l  s ide of the ce ramic - to -me ta l  feed-through were  

connected to  the  shielded instrumentation leads running f r o m  the exper iment ,  

through the  p r e s s u r e  vessel ,  and to  the exper iment  console.  

Surrounding the vacuum can was  a containment can  which pro-  

The 

Al l  of the lead w i r e s  and the rmo-  

2 0  
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2. Con sole 

A console  for  exper iment  control and data  acquisit ion was  designed 

and  a s sembled .  

a t u r e s  as  sensed  by the thermocouples  in the capsule ,  

leakage c u r r e n t  through the spec imens ,  a Keithley e l ec t rome te r  w a s  used. 

Power  sou rce  for  the exper iment  was provided by a d -c  voltage f r o m  a 

Hewlett P a c k a r d  regulated d -c  power supply. 

w e r e  powered by a var iab lc  t r ans fo rmer  (Powers ta t ) .  

A multi-point r e c o r d e r  w a s  used for  r eco rd ing  all t emper -  

To  m e a s u r e  the 

The t r i m  h e a t e r s  in the capsule  

The voltage f r o m  the common center e lec t rode  to  e a c h  individual 

outer  e l ec t rode  w a s  supplied by the power supply through a n  appropr ia te  

s e l ec to r  switch t o  se l ec t  the e lec t rode  f o r  individual measu remen t .  The  

c u r r e n t s  f r o m  the instrumentat ion leads were  m e a s u r e d  with a n  e l ec t ro -  

m e t e r  c i rcu i t .  The  lead r e s i s t a n c e s  were on the o r d e r  of 10 ohms.  The 

r e s i s t ance  of the c e r a m i c - t o - m e t a l  feed-through w a s  ex t r eme ly  high, on 

the o r d e r  of 10 higher than the specimen r e s i s t a n c e  a t  t empera tu re .  

6 

5 .  

F. Capsule Fabricat ion and Check Out 

1. Capsule  Assembly  

A l l  the capsule  components were  machined f r o m  m a t e r i a l  of known 

composi t ion and that had sat isf ied the specifications and  quality cont ro l  

inspection. 

The capsule  a s sembly  w a s  completed using clean r o o m  techniques that  had 

been es tab l i shed  for  thermionic  converters .  The  capsule  p a r t s ,  the alumina 

spec imens ,  the e l ec t rodes ,  vacuum can  and s e a l  a re  shown in F i g u r e  8. The 

par t ia l ly  a s s e m b l e d  capsule  consis t ing of the vacuum sea l ,  spec imens  and l e a d s  

All  p a r t s  w e r e  chemical ly  cleaned and  p r e f i r e d  a f t e r  machining. 
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Figure 8. PARTS OF T H E  ALUMINA IRRADIATION 
CA PSULE SHOWING THE EIGHT A LUMINA 
SPECIMENS, ELECTRODES,  VACUUM CAN 
AND S E A L  PRIOR T O  ASSEMBLY. 
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Figure  9. A L U M N A  SPECIMENS, LEADS, AND 
VACUUM SEAL PRIOR TO INSTALLATION 
I N  VACUUM CAN 

2 3  
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is  i l l u s t r a t ed  in F igu re  9 p r i o r  t o  installation i n  the vacuum can.  

e l e c t r i c a l  leads w e r e  insulated with high puri ty  a lumina s l eeves .  

was  ins ta l led  in the  vacuum can  and pumped down on a vacuum s ta t ion  

and heated to  675'F before  the  pinch-off. 

the  pinch-off was  per formed with a vacuum of 8 x 10 

A l l  of t h e  

The  capsule  

A f t e r  cool  down t o  r o o m  t e m p e r a t u r e ,  
-6  t o r r .  

?. Capsule T e s t  

The  capsule  a s sembly  w a s  tested at the P B R F  p r i o r  to instal la t ion in 

the r e a c t o r  p r e s s u r e  vesse l .  

and  r eco rded .  

Reac tor .  The capsule ,  lead hose,  and p r e s s u r e  v e s s e l  penetrat ion w e r e  

he l ium leak  tes ted  a t  190 psig hel ium p res su re .  

penetrat ion that had not been detected i n  f inal  check of the capsule.  T h e s e  

w e r e  r e p a i r e d  and the capsule  pas sed  the r equ i r emen t s  with a he l ium l eak  

r a t e  of 10  

The leads and thermocouples  w e r e  checked 

The capsule  w a s  then checked for  c o r e  fit in the P B R  Mock-up 

Two leaks  w e r e  found i n  the 

- 6  c c / s e c  as m e a s u r e d  with a m a s s  spec t romete r .  

The capsule  then was  subjected to a hydraulic tes t .  A p r e s s u r e  of 

8 psig of hel ium was  applied in the lead sys t em with an  outside wa te r  p r e s s u r e  

of 65 psig.  

penetrat ion flange, nut, and gaske t  per formed sat isfactor i ly .  A l l  l e ads  

w e r e  checked s e v e r a l  t i m e s  during the test. 

to  182 psig helium and 149 psig water  and he ld  for 20 hours .  The he l ium 

p r e s s u r e  held to within two ps i  and  th i s  t e s t  w a s  cons idered  sa t i s fac tory .  

The water  p r e s s u r e  w a s  r a i sed  to 225 psig for  two hours .  The  

The p r e s s u r e s  w e r e  ad jus ted  

The capsule  was  removed f r o m  the hydraul ic  t e s t  and he l ium leak  

checked to 190 ps ig .  The leak  r a t e  w a s  to  c c / s e c .  Th i s  leak  

w a s  t r a c e d  to the MgO insulation on the leads  a t  the p r e s s u r e  v e s s e l  pene-  

t ra t ion.  Since this  would only r e su l t  in a he l ium los s  of approximate ly  1 f t  

p e r  cycle ,  the tes t  was  cons idered  satisfactory.  

3 
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During these  tests, t he  lead t o  the common re s i s t ances  dropped below 

the megohm range on s e v e r a l  leads.  

pick up i n  the MgO insulation of the leads at the  p r e s s u r e  ves se l  penetration. 

The  leads  w e r e  baked out and the  res i s tances  r e s t o r e d  to  the I O 6  ohm 

level. 

a l s o  found that  the lead res i s tance  was  a function of whether  the  hel ium p r e s s u r e  

was  applied t o  the s y s t e m  o r  not. 

the lead t o  common re s i s t ance  tended t o  go down. 

to  moi s tu re  pick up i n  the MgO insulation f r o m  the  humid a tmosphere  n e a r  

the p r e s s u r e  ves se l  penetration. 

the r e s i s t ances  re turned  t o  values in  the range before  depressurizat ion.  

This was  apparent ly  due to  moi s tu re  

The  MgO was  sea led  with Glyptal and RTV sil icone sealant.  It was 

When the  lead s y s t e m  was depressur ized ,  

This  is believed to  be due 

When the lead s y s t e m  was  r ep res su r i zed ,  

Due t o  the use  of metal sheath electrode leads  and m e t a l  thermocouple  

connectors  in accordance  with P B R F  requi rements ,  i t  was imprac t ica l  to 

prevent  common lead grounding. 

made  at t h e  console  t o  use ground and a common lead and float the power 

A s  a resul t ,  a wiring modification was 

supply. 

In o r d e r  t o  remove  the capsule f r o m  the P B R ,  a spec ia l  remote  

cutoff s h e a r  was required.  

the PBRF. 
The cutoff shear  too l  was  t e s t e d a n d  shipped to 

G. Hazards  Analysis  

1. Hazards  Considerations 

The  haza rds  ana lys i s  for  th i s  experiment was per formed in  

accordance  with the "Information f o r  Experiment Sponsors  f o r  t h e  NASA 

P l u m  Brook Reac tor  Faci l i ty ,  Parts I, I1 and III. I '  

inherent ly  one which involved a low hazard in  that it did not contain 

fissionable fue l  m a t e r i a l  o r  finely divided m a t e r i a l s  that  could r e s u l t  in  

high-energy, long-lived isotopes when activated, and i t  w a s  heated p r imar i ly  

Th i s  exper iment  was  
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by gamma heat.  

The inner  can containcd the spec imens  i n  a vacuum. 

pro tec ted  by a hel ium a tmosphere  which w a s  captive and not vented to the 

outside of the r e a c t o r  p r e s s u r e  ves se l  by g a s  l ines.  The outer  containment 

w a s  p r e s s u r e  tes ted  to  over  1 -1 /2  t imes  the anticipated max imum operat ing 

p r e s s u r e .  

accident ,  t o  be d iscussed  l a t e r .  

e lec t r ica l .  

The spec imens  were  doubly contained in s t a in l e s s  s t ee l  cans.  

The vacuum can was  

The exper iment  w a s  failsafe with r e s p e c t  to the max imum credib le  

The only leadout f o r  this s y s t e m  was  

The only condition that could a r i s e  in  the capsule  that would r equ i r e  

a r e a c t o r  power reduction would be over  t empera tu re  indication of the spec i -  

m e n s  o r  vacuum can. 

2. Maximum Credible  Accident 

The max imum credib le  accident  would be overheating of the spec imens  

o r  vacuum can. 

a high t e m p e r a t u r e  condition. This  condition, of c o u r s e ,  w a s  the accident  

of m o s t  concern.  

Three  c a s e s  w e r e  analyzed which could conceivably lead  to  

I 

Poss ib i l i t i es  considered in light of the max imum credib le  accident  
I w e r e  s teady-s ta te  operat ion a t  150% reac tor  power a t  m a x i m u m  r e a c t o r  and 

t r i m  hea te r  power with no coolant flow. 

s ide red ;  i. e. , loss of sys t em coolant f low and p r e s s u r e ,  s y s t e m  rup tu re ,  

l o s s  of e l e c t r i c a l  power,  r eac to r  excursion,  boiling, handling acc idents ,  

i n s t rumen t  f a i lu re s ,  cont ro l  sys t em fa i lures ,  chemica l  reac t ions ,  effect 

of flooding o r  voiding, damage  to the lead s y s t e m  a n d  leakage of p r i m a r y  

water  o r  g a s  to  the containment vesse l .  

Additional conditions w e r e  con- 

I 

In all c a s e s ,  the ana lys i s  indicated a v e r y  low probabili ty of a hazardous  

situation. 
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H. In-Pi le  E l e c t r i c a l  Measurements  

During the cour se  of the i r radiat ion,  m e a s u r e m e n t s  w e r e  made  of 

e l e c t r i c a l  r e s i s t i v i ty  and  breakdown voltage of the Lucalox alumina. 

voltage of 100 V dc w a s  applied to  each  alumina insulator  by a fused  se l ec to r  

switch. The  c u r r e n t  w a s  m e a s u r e d  b y  an e l e c t r o m e t e r  (10 to 10 a m p s )  

at the console .  

power supply. 

cu r ren t .  

dummy connection and thermocouple each time. 

l a r g e  compared  to  the spec imen res i s tance .  

f r o m  the two r e s i s t a n c e s  in pa ra l l e l  by the following relation: 

A 

-3 - 12 

The d -c  voltage was  applied by a n  adjustable  regulated 

The r e s i s t ance  w a s  calculated f r o m  the d-c  voltage and the 

The seal t empera tu re  and the r e s i s t ance  w e r e  r e a d  using the seal 

The seal r e s i s t a n c e  was  v e r y  

The r e s i s t ance ,  EX, w a s  computed 

= ('sealXRspecirnen ) / ( R  s e a l  -tR spec imen 1 

In g e n e r a l  R '=' R spec imen 

F o r  cyl indrical  spec imens ,  the resis t ivi ty  

p = 2n LR spec imen / I n ( r 3 / r 2 )  

where  p = resis t ivi ty ,  L = length, and r and r 3  a r e  the radii .  A 2 
megohm m e t e r  was a l so  provided for  measur ing  res i s tance .  

A t  the  end of each  i r rad ia t ion  cycle, 300 V dc  was  applied to  each  

Lucalox spec imen  to  check the  breakdown. 

fuse  at the se l ec to r  switch would blow and e l imina te  that  spec imen f r o m  

the exper iment .  

c i r cu i t  d i a g r a m  shown i n  F igu re  10. 

If a breakdown occur red ,  the 

The in-pile data w e r e  analyzed on the basis of the e l ec t r i ca l  

On the r ight  is the schemat ic  network 
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CIRCUIT 

COMMON ELECT, '  ODE - + 

I Lezas 2 

I, V a c  S?al  

I loAiizatioii  

J 

A ~ O L . P  Seal  

I Specimzn 5 

Figure 10. IN-PILE MEASUREMENT CIRCUIT DIAGRAM 
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used in t h e  analysis  of the data. 

arc' p resented  in Tab lc  111. 

The  various c,quations us r ,d  in t h e  ana lys i s  

TA BLE 111 

Equations Usc.cl In Data A n a l y s i s  

7 
- I t I + 14t I$- 16i 1 

I1 2 3 

I 

I t I + I4 =: I 

I 

- measured  c u r r e n t  for  spccirnen 1 

2 3  8 

8 

o r  total  lead sys t em plus leakages 

= measured  c u r r e n t  f o r  lead l c n k a g e s  (dummy)  

x 11 - R. 
spec isolation r e s i s to r  R 

V 
T x l l =  

V 
I 1. spec  isolat ion cu r ren t  

or I -- 11 Ib - 
s p e c  'isolation 5 

I4 >>> I 

I 

7 

11-18 -1 + I6 o r  I - I = 1.091 I5 5 1 8  

8 I - I  
1.091 

I p  1 

V = 91. 9 - 
I) I5 

I = c u r r e n t  a m p s  

R = r e s i s t ance ,  ohms  

l_l r e s i s t i v i ty ,  ohm-cm 

V = applied voltage 
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E X P E R I M E N T A L  RESULTS AND DISCUSSION 

A .  In-pile Elec t r ica l  Measuremen t s  
of Lucalox A lumina 

In measu r ing  the e l ec t r i ca l  propert ies  of the alumina a c u r r e n t  r e -  

sul ted f r o m  the ionization of the hel ium a tmosphere  due to the high nuclear  

radiat ion flux above the ceramic- to-meta l  sea l .  

number  of ion pa i r s  to be generated i n  the hel ium a tmosphere  and ionization 

c u r r e n t s  non-symmetr ic  with r e spec t  t o  polarity w e r e  observed.  

definition in  this  c a s e  was  defined a s  the cen te r  e lec t rode  positive and the  

outer  individual e lec t rodes  being negative. 

grounded t o  the vacuum can  and containment can  wal l  because of the sheath 

grounded m i n e r a l  insulated lead-out wires.  

very low ionization c u r r e n t s  were  observed. 

being the determining mechanism f o r  cur ren t  flow and the fact  that  the 

effective collection volume was  only that amount of nickel e lec t rode  w i r e  

protruding past  the c e r a m i c  insulation above the ce ramic - to -me ta l  seal. 

Where the  polarity was  r eve r sed ,  and the vacuum can  was negative with its 

ex t remely  l a rge  effective collection volume, the l a rge  ionization cu r ren t s  

were  observed.  The re fo re ,  only positive quadrant  data were  used  in  the 

measu remen t  of the  in-pile res is t ivi ty .  

each  t ime  the data f o r  all eight specimens w e r e  obtained by measur ing  the 

observed c u r r e n t s  in  a dummy electrode lead that  led down through the 

vacuum ce ramic - to -me ta l  s e a l  but did not  extend down to  a n  electrode.  In 

th i s  manner ,  the c u r r e n t  value fo r  the leads, the  leakage r e s i s t ance  of the  

vacuum s e a l  and the ionization cu r ren t s  w e r e  measu red .  

c u r r e n t  was  calculated f r o m  the  relat ion shown i n  Table  111. 

leakage through the  isolation insulator  was  small when compared  t o  the 

spec imen c u r r e n t  because its thickness  w a s  much l a r g e r  and it was  at a 

lower t empera tu re  than  the  specimen. Ionization within the  vacuum can  

was a s s u m e d  to  be negligible in  the data reduction. The effect  of this  is 

considered later in the discussions of t h e  pos t - i r rad ia t ion  examination. 

Th i s  flux caused  a g r e a t  

The polarity 

This  cen te r  e lec t rode  was 

In the positive polar i ty  case ,  

This  was  due to  the  ion mobility 

These  effects w e r e  m e a s u r e d  once 

The spec imen 

The c u r r e n t  
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The to t a l  fast neutron dose for  this  experiment  ranged f r o m  approximately 1.4 

to 1. 6 x 1 0  20 
k nvt. 

r eac to r  is shown in F igure  14. 

presented .  

e l e c t r i c a l  res i s t iv i ty  appea r s  to  be approximately a factor  of five (5)  higher 

than the out-of-pile data. 

spec imens ;  the data for  each  spec imen a r e  presented  in Appendix B. 

The calculated neutron exposure a s  a function of t ime in the 

The analysis  f r o m  the nickel flux wi re  is a l s o  

F r o m  F igures  11 and 12 i t  is a l s o  observed that the absolute value c 

These r e su l t s  were  typical  of the other Lucalox 

E l e c t r i c a l  res i s t iv i ty  measurements  w e r e  made a t  d i sc ree t  per iods 

of t i m e  during each r e a c t o r  cycle.  

w e r e  applied to  spec imen No. 3 on a continuous bas i s .  

cycle ,  o r  about once each  170 hours ,  300 volts were  applied sequentially to  

each  of the eight Lucalox specimens.  

In between these  per iods,  100 volts 

During each  r e a c t o r  

20 A t  a dose of approximately 1 x 10  nvt, a 1 / 8  a m p  fuse  i n  s e r i e s  with 

the e lec t rode  measu remen t  line fai led at 270 volts indicating possible b reak -  

down of spec imen No. 3. 

approximately 2 70 volts . 
made on tha t  spec imen showed no change f r o m  the values obtained p r i o r  

t o  the first fuse  fa i lure .  

sect ion of the  repor t .  

Subsequent attempts produced the s a m e  re su l t  at 

Howe ve r , subs e quent r e  s is t ivity measu remen t s  

This  i s  fur ther  d i scussed  in  the pos t - i r rad ia t ion  

None of the other  five spec imens  showed s igns of 
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possible breakdown during the test .  The to ta l  exposure  was  1290 hours  

a t  which t ime  the exper iment  was  removed f r o m  the P l u m  Brook Reac tor  

and the spec imens  within the vacuum can w e r e  shipped to the Genera l  E lec t r i c  

Vallecitos Nuclear Center  for  post- i r radiat ion examination. 

B. Pos t - I r rad ia t ion  Examination 
of Capsule 

T h e  capsule  examination was performed in the Radiation Mate r i a l s  

Lzbora to ry  (RML) .  

examined.  and the en t i re  a s sembly  appeared to  b e  in good condition. 

a luminum s leeves  covering the upper  part of the capsule  w e r e  removed.  

Inspection of the inside su r faces  of the s leeves  and exposed capsule  sur face  

showed only minor  white sur face  discolorat ions,  which w e r e  de te rmined  

to  be w a t e r  s ta ins  f r o m  s to rage .  

The ex terna l  surfaces  of t h e  capsule  w e r e  visually 

The  

1. In te rna l  Gas P r e s s u r e  Measurement  and Analysis  

A vacuiim s e a l  was made  between the outer  sur face  of t he  upper  

capsule  wal l  and  the  s tandard  RML puncture device. 

en t i r e  vacuum s y s t e m  t o  a p r e s s u r e  of 2 x 10  

p r e s s u r e  d r o p  rate of 1 .5  x 10 

dr iven  through the wall of the capsule  by m e a n s  of a hydraul ic  ram. 

p r e s s u r e  of the  s y s t e m  equilibrated at 5. 3 t o r r .  

s y s t e m  volume and e s t ima ted  in te rna l  capsule volume of 540 c m  

capsule  p r e s s u r e  at the  t i m e  of puncture and  the amount  of gas  p re sen t  to  

be calculated.  

Af te r  evacuating the  

t o r r ,  and establ ishing a s y s t e m  - 4  

t o r r / m i n .  , a sharpened  s t e e l  pin w a s  -4  

The  

This  value, plus the known 
3 permi t ted  the 

3 A to ta l  gas  sample  of 6 . 5 7  c m  (STP) w a s  collected.  

S i x  aliquots of gas  f r o m  the bottle w e r e  analyzed by g a s  c h r o m a -  

The  percentages detected after co r rec t ing  f o r  r e s idua l  a r g o n  tography. 

in  the sampling s y s t e m  were :  
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Gas VOl. 7 0  

94.3 H2 
He 4.22 

1. 24 

< 0.25 
N2 
O2 

T h e  relat ively la rge  amount of H p re sen t  was believed t o  have 

or iginated f r o m  s o m e  of the in te rna l  capsule pa r t s  (i. e . ,  Kovar) which 

were  hydrogen-fired p r io r  to  capsule  assembly.  

p re sen t  seems t o  be consistent with the amount  expected t o  leak in  f r o m  the 

ex terna l  gas  coolant during i r rad ia t ion  (based  on a leak r a t e  es tabl ished by 

p re - i r r ad ia t ion  hel ium mass spec t rometer  leak tests). The  s m a l l  amounts  

of N and 0 

the puncturing and sampling ope ration. 

2 

The amount of hel ium 

probably resul ted f r o m  some air  leakage into the  s y s t e m  during 2 2 

2.  Visual Examinat ion of Sample A s  s embly 

T h e  capsule a s sembly  was dissected t o  pe rmi t  evaluation of all the 

i r r ad ia t ed  Lucalox specimens.  

s e r i e s  of t r a n s v e r s e  and circumferental  cuts  to  minimize disturbance of the 

spec imens  p r io r  to  observation. 

exposed the  en t i re  sample  assembly .  

The capsule s leeve was  removed with a 

Removal of one-half of the  s leeve then 

With a minimum of dis turbance,  the spec imen a s sembly  and  inside 

su r face  of the capsule  wal l  w e r e  carefully examined and the  a s sembly  

appeared  to  be in  good gene ra l  condition. 

found to have turned f r o m  white to a dark g r a y  color .  

blocks w e r e  a l s o  darkened,  but not to the same degree  a s  the Lucalox 

spec imens .  The only evidence of specimen breakage observed a t  this 

t ime was  the sl ight cocking of the upper end of Specimen No. 8. 

A l l  of the Lucalox samples  were  

The alumina isolation 
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Surface  impress ions  of the teeth of the outer  s ta in less  s t e e l  s p a c e r s  

were  quite pronounced in each  sample  location, indicating good contact 

during i r rad ia t ion .  

c o l o r s )  on the inside su r face  of the vacuum can  was l imited to  the  upper two 

inches of sample  No. 1. Below this  level a su r face  deposit  was observed  

which became increas ingly  heavy toward the bottom end, with a max imum 

concentrat ion about t h ree  inches above the bottom sample  (NO. 8). 

deposit  was a light g ray - t an  i n  co lor  and was  found to  be very loosely 

adhered  to  the sur face .  

spatula and submit ted for  X- ray  analysis.  

the powder diffraction technique and the ma jo r  consti tuent was init ially 

identified as molybdenum, with t r a c e  amount of s t a in l e s s  s t ee l ,  and possibly 

a very s m a l l  amount of A1 0 

analys is  of a second sample showed the ma jo r  e lement  to  be manganese,  

with minor  and t r a c e  amounts  of i ron ,  nickel, copper ,  chromium, and 

cobalt. This  ana lys i s  revealed no evidence of molybdenum. F u r t h e r  

ana lys i s  of the or iginal  powder diffraction pat tern showed that the l ines  

originally identified a s  molybdenum were actual ly  those of manganese - 
oxygen, which has  a s t ruc tu re  s i m i l a r  to that of molybdenum. 

A discolored region (p r imar i ly  su r face  in te r fe rence  

The 

A sample  was sc raped  off with a c l ean  wooden 

One sample  was analyzed by 

However, subsequent X - r a y  f luorescence  2 3' 

3 .  Sample Disassembly and Visual Examination 

The  nickel f l u x  w i re  was  removed f r o m  the a s sembly  and s t o r e d  in  a 

spec ia l  tube fo r  subsequent gamma scanning and sampling. 

spec imen a s sembly  was then completely removed f r o m  the capsule  tube 

half .  

a s sembl i e s  by cutting through the Kovar pin connecting two a s s e m b l i e s ,  and 

then removing the Lucalox spec imen and inner  Kovar e lec t rode  f r o m  the 

outer  molybdenum electrode.  

examined and photographed. 

i r r ad ia t ion  a r e  shown i n  F igu re  15. 

The en t i r e  

The Lucalox samples  were  individually removed f r o m  the i r  sub-  

Each of the spec imens  w e r e  carefu l ly  

Photographs of the spec imens  during post-  
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S p e c i m e n  No. 1 wi th  Kovar  
E l e c t r o d e  i n  P l a c e  

S p e c i m e n  No. 2 wi th  Kovar  
E l e c t r o d e  R e m o v a l  

+ 

S p e c i m e n  No. 3 wi th  Kovar  
E l e c t r o d e  Removed  

I 
S p e c i m e n  No. 4 with  Kovar  

E l e c t r o d e  in Place, showing 
C i  r c umf e r e  n t ia  1 F ra c tu r e 
N e a r  the  L o w e r  L i p  

c 

F i g u r e  15. PHOTOGRAPHS O F  SPECIMENS DURING 
POST-IRRADIATION EXAMINATION 
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Ins ide  Sur face  of S p e c i m e n  NO. 6 
as Held by Manipula tor  F i n g e r s ,  
Showing Depos i t  

Spec imen  No. 5 with Kovar  
E l e c t r o d e  in P l a c e  

Spec imen  No. 7 with Kovar  
E l e c t r o d e  Removed 

Spec imen  No. 8 with Kovar E l e c t r o d e  
Removed ;  Note C i r c u m f e r e n t i a l  
F r a c t u r e  at L o w e r  L i p  

F i g u r e  15. PHOTOGRAPHS OF SPECIMENS DURING 
POST -IRRADIATION EXAMINATION 
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Sonic of t h e  spcc,iiTi(*iis ~ ~ r c i c ~ I . r r . t l  (.irc-unifc.rentially and  f r a c t u r e d  as  

shown i n  F i g u r e  15.  

i n  Table  I V .  

'The  p ~ ~ r t i n c ~ n t  f t , a t u r c s  o f  each sample  a r c  s u m m a r i z e d  

TAI;LE r v  
Post- I r rn tliation Exarninati on o f  Spc'cimens 

Spec imen No. 01)s t b  r vat i c~ns  

1 Stuck to Ko\qr c lcc t rodc .  No  c r a c k s ,  v e r y  small  chips  

liru1,cbn o u t  o f  t . d g c  o f  inner  flange. 

Not  adh( , red t o  Kovar  e l cc t rodc ,  no c r a c k s ,  light deposi ts  

ins  id e s iir fac e .  

Not stuck t o  Kovar.  n o  c r a c k s ,  light deposi ts  inside 

sur face .  (No indication of e l ec t r i ca l  breakdown).  

Par t ia l ly  s tuck to  Kovar e lec t rode ,  two p ieces  of inner  

flange sect ion f rac tured  c i r  cumfe ren t ia  1 ly detached f r o m  

e lec t rode ,  light deposits on exposed inside su r faces .  

Darkening through ent i re  c ros s - sec t ion  of exposed 
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TABLE I V  - (Continued) 

4 f r ac tu re  su r faces ,  one longitudinal f r a c t u r e  through 
(continue d) en t i re  length of section still stuck to  e lectrode.  

5 Stuck t o  Kovar c lcctrodc,  c i rcumferent ia l  c r a c k  

immediately adjacent i nne r  flange. Sample still intact. 

Not s tuck to Kovar,  no c r a c k s ,  light deposits inside 

sur face .  

Not stuck t o  Kovar,  no c r a c k s ,  light deposit  inside 

surface.  

Not s tuck t o  Kovar,  complete  c i rcumferent ia l  f r a c t u r e  a t  

inner  flange end, flange sect ion broken off as complete 

ring, en t i re  exposed c ross - sec t ion  darkened,  light 

deposits inside surface.  

It i s  not definitely known what caused the observed  f r a c t u r e s ,  although 

it is  quite possible that they occur red  during the  d i sa s sembly  operations.  

only indication of a f r ac tu re  observed pr ior  to the f inal  d i sa s sembly  was the 

slightly cocked inner  flange end of sample No. 8 previously mentioned. 

Examination of the Kovar e lectrodes which were  not s tuck showed them t o  be 

c lean  and in  good condition. 

react ions.  

The  

There  was no obvious evidence of sur face  

The  outer  a s sembly  of s ample  No .  4 was  taken a p a r t  t o  completely 

expose the  molybdenum electrode.  

colorat ion in  the inside surface,  t h i s  electrode appeared  c lean  and in  good 

condition. 

good condition. 

they had developed a light g ray  discoloration, as previously mentioned. 

With the  exception of some  slight d i s -  

The remaining pa r t s  of this  subassembly  all appeared  t o  be in  

None of the four  alumina blocks w e r e  damaged, although 

The 
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outer  f ins  of the  s ta in less  steel space r s  w e r e  covered  with the s a m e  type of 

deposit  observed  on the  inside sur faces  of the capsule tube, and the inside 

su r faces  appeared  t o  have developed some variations in  tex ture  which 

appeared  t o  be re la ted  t o  the position of the  alumina blocks. 

4. Dimensional Measurements  

The  outside d i ame te r s  and lengths of all but the broken Lucalox 

spec imens  were  measu red  remotely t o  the n e a r e s t  one-half mil with a 

mic romete r .  

i n  Table  V. 

changes occur red  in the Lucalox as a resul t  of the i r radiat ion.  

These  data a r e  compared t o  the or iginal  spec imen dimensions 

F r o m  these  data,  it i s  evident that  no significant dimensional  

TABLE V 

Luca lox Sample Dimensions E: 2 Post - I r rad ia t ion  P re - I r r ad ia t ion  

? Z  Diameter  Diameter  .A 0 

u a 
v1 O0 90' O0 90° 

1 0.626 0.626 0. 6260 0. 6260 
2 0.626 0.626 0.6260 0. 6260 
3 0.626 0. 626 0. 6255 0.6252 
4 0.626 0.626 0.6260 0,6260 
5::: 0. 627 0. 627 0. 627 0. 6255 
6 0.626 0.626 0.6252 0.6252 
7 0.626 0.626 0.6255 0.6255 
8 0.626 0.627 0.6255 0.6255 

Post - I r rad ia t ion  P re - I r r ad ia t ion  
Length Length 

O0 90° O0 90° 

0. 752 0. 752 0. 7510 0. 7510 
0. 754 0. 752 0. 7520 0. 7515 
0. 754 0. 754 0. 7550 0.7545 

0. 7500 - - broken - - 0. 7505 
0. 7540 0. 735 0. 754 0. 7540 
0. 7540 0. 754 0. 753 0. 7540 

0.752 0. 752 0.7515 0. 7520 
- - broken - - 

K i r c u m f e  rent ia l ly  c racked  

The  outside d i ame te r s  of t h r e e  Kovar and one molybdenum e lec t rodes  

and the inside d i ame te r s  of t h ree  molybdenum e lec t rodes  w e r e  also m e a s u r e d  

t o  the  n e a r e s t  one-half mil with mic romete r s  and are presented  in Table VI. 

On the  basis of these  data,  the electrodes did not experience significant 
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deformation during the i r radiat ion.  

TABLE V I  

Kovar and Molybdenum Electrode Dimensions 

Pos t - I r rad ia t ion  P re - I r r ad ia t ion  Pos t - I r rad ia t ion  P r e  - I r rad ia t ion  
outside d iameter  outside diameter  inside d i ame te r  inside d i ame te r  

Sample OO 90° O 0  90° O0 90' O0 90° 

Kovar 0.559 0.559 0.5583 0.5584 - - - -  - -  - -  
#2 

0.559 0.559 0.5585 0.5585 - - Kovar 
#6  

0.559 0.559 0.5584 0.5584 - - K ova r 
#8 

M o # 1  - - - -  - -  - -  0.629 0. 630 0.6295 0.6295 

MO #4 0.741 0. 742 - - - -  0.629 0.628 0.6295 0.6293 

M o # 8  - - - -  - -  - -  0.630 0.629 0. 6290 0. 6290 

5. Metallographic Examinat ion 

The Lucalox spec imen No. 1, together with its at tached Kovar e lec t rode ,  

was  p repa red  fo r  metal lographic  examination. The sample  was potted in  

epoxy r e s i n  and ground i n  plane t r a n s v e r s e  to  the longitudinal axis  of the 

sample.  Grinding was s t a r t e d  at the  inner flange end, and was continued 

until the  flange l ip was passed  and a plane including the Lucalox-Kovar 

c i rcumferent ia l  in te r face  was reached.  

per formed under br ight  f ie ld  and polarized light illumination. 

s t r u c t u r e  of the Lucalox shown i n  Figure 16 was essent ia l ly  the s a m e  a s  the 

p re - i r r ad ia t ed  mater ia l .  Examination of t he  in te r face  revea led  a region of 

very  c lose  contact between the Lucalox and  Kovar which compr i sed  about 

one-third of the c i rcumference .  With in  th i s  r eg ion  a discontinuous band, 

approximately one-half mil thick,  was observed at the in te r face  (F igu re  17). 

Examination of the spec imen was  

The m i c r o -  

The band was m o r e  cha rac t e r i s t i c  of the Lucalox, but was in  int imate  contact 

with both the Lucalox and Kovar. Whether or not this band r e p r e s e n t s  a t rue  
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AS - POLISHED 250X 

Figure  16. SECTION O F  TYPICAL S P E C I M E N  SHOWING POROSITY 
UNCHANGED DUE TO IRRADIATION 

KOVAR 

LUCA LOX 

AS - POLISHED POLARIZED LIGHT 250X 

Figure  17. PHOTOMICROGRAPH O F  LUCALOX-KOVAR I N T E R F A C E  
SHOWING REACTION ZONE - T Y P I C A L  OF SPECLMENS 
STUCK T O  KOVAR E L E C T R O D E  
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reac t ion  zone could not be positively ascer ta ined  at that t ime.  

of reac t ion  was  observed  over  the remaining two-thirds  of the interface.  

No evidence 

6. Flux Wire  Scan  and Analysis 

P u r e  nickel  w i re  mounted axially on the capsule  during the i r rad ia t ion  

was  g a m m a  scanned and the readout plotted on a one-to-one length ra t io  

c h a r t  t r a c e  to  provide d i r ec t  correlat ion between activity profile and a s sembly  

drawings.  The shape of the g r o s s  activity profile,  F igu re  18, appeared  t o  

follow tha t  of the ax ia l  neutron flux profile of the  P l u m  Brook Reactor  at the 

position i n  which th i s  experiment  was located. 

very  pronounced peaks and two l e s s e r  peaks super imposed  on the  gene ra l  

profile. 

spec imen spacings.  

base  was about 4, which is much too high to a t t r ibute  t o  flux depress ion  

var ia t ions resul t ing f r o m  variations in  the amount  of hardware  surrounding 

the wire .  

m e a s u r e d  locations. 

and the o ther  t h ree  f r o m  locations represent ing "valleys",  for  the  ove ra l l  

acit ivity levels  of the  wire .  

However, t he re  w e r e  s i x  

The spacing between these  peaks closely cor responded to the 

The rat io  of the maximum peak activity to that  at its 

F o u r  1 / 4 - i n c h  long sections w e r e  cu t  f r o m  the  wi re  at accura te ly  

One section was taken f r o m  the maximum peak location 

Absolute fast f l u x  determinations based  upon the nickel-58 (n,  p) 

Deter -  cobalt-  58 react ion were  per formed by radiochemical  analysis .  

mination of the fast f l u x  values was found t o  be complicated by contamination 

of the  w i r e  with cobalt-60, t he  analysis  of which is normal ly  used  t o  c o r r e c t  

for t h e r m a l  neutron burnup of cobalt-58 (cobalt-59 was present  in nickel in 

small amounts ,  and was converted to cobalt-60).  

f r o m  the m a x i m u m  peak was considerably m o r e  contaminated with cobalt-60 

than the o the r s ,  which leads t o  the  conclusion that t h i s  contamination resu l ted  

from d i rec t  contact of t h e  nickel w i re  with the  Kovar pa r t s ,  par t icu lar ly  in 

the  n a r r o w  top  end plug region of the  Kovar e lec t rodes .  

It was found that the sec t ion  
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T h e  fast flux exposures  >1  MeV w e r e  evaluated f r o m  four nickel  

s amples  cut f r o m  the f lux  w i r e  t aken  f r o m  the  capsule  using a computer  

code f o r  fast f l u x  calculations f r o m  i r r ad ia t ed  nickel. 

Table  VII. 

cycle r e a c t o r  operat ions.  

t he  Co-58 i s o m e r s  f o r  theore t ica l  t he rma l  fluxes was  calculated t o  be 1. 78. 

Resul t s  appea r  in  

The  p r o g r a m  accounts f o r  t h e r m a l  neutron burnout during mult i -  

The  ove ra l l  t h e r m a l  neutron burnout co r rec t ion  f o r  

Constants  used in  the calculations were :  

Decay constant  f o r  Go-58m 

Decay constant  f o r  Go-58 

Cross - sec t ion  f o r  the Ni-58 (n, p) Co-58m reac t ion  = 

Cross-sec t ion  f o r  the Ni-58 (n, p) Co-58 reac t ion  = 

C r o s s - s e c t i o n  f o r  the Go-58m (n,  v )  Co-59 reac t ion  = 

C r o s s - s e c t i o n  fo r  the  Go-58 (n, .;) Co-59 reac t ion  = 

- - F r a c t i o n  of neutron s p e c t r a  above 1 MeV 
Ni- 58 abundance - - 

-1 

-1 
1.848 days 

0.00976 days 

0.033 b a r n s  

0.064 b a r n s  

1. 7 x l o 5  b a r n s  

1650.0 b a r n s  

0.692 

0.679 

TABLE VI1 

F a s t  Flux Exposures  >1 MeV 
Radiochemical  Analysis of N i  F lux  W i r e s  

dps CO-58 
g m  Ni cb 

9 .7  x 10 1 2.00 x 10 

9 . 9  x 10 2 2. 05 x 10 

3 1 .99  x 10 9 9.6 x 10 

8 . 5  x 10 4 1. 76 x 10 

Sample  @ 4-15-65 @ 100 MW Power  @ > l  MeV 
1 . 6 ~ 1 0  

1 . 6  x 10 

1 . 6  x 10 

1 . 4 ~  10 

20  

20 

20 

20 

13  

13  

13  

13  

9 
9 

9 

A s u m m a r y  of t h e  f l u x  h i s tory  f o r  the  i r r ad ia t ion  i s  presented  in  

Table  VIII; the values w e r e  es t imated  f rom r e a c t o r  operat ion data by  the 

PBR Nuclear  Analysis  Section. 

inf luences of surrounding hardware.  

favorably to  the rad iochemica l  ana lys i s  values  of f a s t  neutron fluxes.  

Th i s  w a s  n o t  c o r r e c t e d  fo r  per turbing 

The PBR es t ima ted  values  compare  
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Cycle MWD 

23 448.7 

24 314.2 

25 53.4 

26 636.1 

27 253.8 

28  512.5 

29 505. 0 

Tota l  2723. 7 

TABLE VIII 

Summary of Flux His tory  
for  Experiment  

fast 
F >1 MeV 

0.64 x 10 

0.41 x 10 

0.34 x 10 

0 .40  x 10 

0.42 x 10 

0.34 x 10 

0 . 3 4 ~  10 

1 4  

14 

14  

14  

14  

14  

14 

F a s t  
neut r a n  
dose 

+ f a s t / &  (>1 MeV) 

0 . 2 0  0 .63  x lo2 '  

'th nvt 

2 0  0 . 2 7  0.18 x 10 

0 . 2 7  0.026 x 10 20 

20 

20 

20 

0. 18 0 .37  x 10 

0. 13 0 . 1 9 ~  10 

0. 2 7  0 .25 x 10 
2 0  

20 
0 . 2 7  0 . 2 5  x 10  

1 .89  x 10 

Posi t ion 

1d-11 

1a-11 

1a-11 

1a-11 

1a-11 

1a-11 

1a-11 
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A P P E N D I X  A 

O U T - O F - P I L E  T E S T  O N  ALUMINA S P E C I M E N S  
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APPENDIX A 

OUT-OF-PILE TEST ON ALUMINA SPECIMENS 

T h e r m a l  Mock-up Tes t  
of Capsule Sub-A s sembly 

In o r d e r  to conf i rm the t h e r m a l  design calculations,  the dimensional 

to le rances  tha t  w e r e  dictated by the  thermal  expansion cha rac t e r i s t i c s  of the 

ma te r i a l s  and  to  de te rmine  the e a s e  of assembly,  a spec ia l  out-of-pile capsule  
spec imen holder sub-assembly  (F igu re  5)  was  designed, fabr ica ted  and tes ted.  

The t e s t  unit consis ted of a single spec imen sub-assembly ,  a 1-1/2 

inch sect ion of the  vacuum can  and heater w i r e  which sur rounded the c a n  t o  

simulate the  ac tua l  capsule  design. This unit was ins t rumented  t o  m e a s u r e  
the t e m p e r a t u r e s  of the Kovar and molybdenum e lec t rodes ,  the fin and the 

inside wal l  of the vacuum can. 

molybdenum e lec t rodes  t o  pe rmi t  measurements  of the alumina res i s tance .  

E lec t r i ca l  measu remen t s  w e r e  made with the  e l e c t r o m e t e r  tha t  was to  be 

used in  the capsule  console.  

Also,  e lec t r ica l  leads w e r e  placed on the Kovar 

The ins t rumented  mock-up was suspended in  a vacuum bel l  jar a s  shown 

in F igure  A .  1 .  

the Kovar e lec t rode  by radiant  heating. 

a small amount  of power was applied t o  the fi lament to  br ing  the Kovar to a 

t e m p e r a t u r e  of 4OO0C and the unit was then outgased overnight.  

achieved during the t e s t  p r o g r a m  ranged f r o m  10 

A tungsten f i lament  assembly was used  t o  heat the  inside of 

Af te r  the be l l  j a r  was pumped down, 

The vacuum 
-5 - 6  

to  1 0  t o r r .  

Th i s  mock-up s imulated the  actual capsule  only i n  p a r t  s ince the  sou rce  

of heat  in  t h e  capsule  was the gamma heating of each  pa r t .  

heat rece ived  at the  inner  Kovar sur face  was t r a n s f e r r e d  out radial ly  with no 

in t e rna l  generation. 

vacuum can  in  the capsule  was by radiation and conduction a c r o s s  a hel ium gas  

gap to  the  outer  capsule  wal l  and thus t o  a wa te r  heat  sink. 

the heat was t r a n s f e r r e d  f r o m  the vacuum can  sect ion by radiat ion to the be l l  

In th i s  t e s t  the radiant  

The heat t r ans fe r r ed  f r o m  the outside su r face  of the 

In th i s  mock-up 
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Figure  A .  1. TEST ASSEMBLY 
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j a r  wal l  only. 

ulated vacuum can  and f in  wal l  t empera ture .  

of t he  mock-up test showed a higher uncorrected vacuum c a n  wal l  t empera tu re  

that  would be experienced in  the capsule. 

A conduction co r rec t ion  factor was  applied to  obtain the  sim- 

A s  was  expected, the resu l t s  

The  test a s sembly  was  thermally cycled four  times t o  spec imen 

The t e m p e r a t u r e s  of (1) 1O6O0C, ( 2 )  99OoC, ( 3 )  1O4O0C and (4) 117OOC. 

heating and  cooling cyc les  were  50 and 30 minutes  respectively.  On the last 

cycle,  the f i lament  touched the Kovar electrode which resu l ted  in  a localized 

melting and  fa i lure  of the fi lament which te rmina ted  the  tes t .  During this event,  

the  spec imen experienced a t rans ien t  tempera ture  above 1450 C. 
0 

In spi te  of this  event, only t h r e e  s m a l l  c r a c k s  were  found in the  l ip  

a r e a  of the Lucalox spec imen after the unit was  disassembled.  

test a r e a  of the  Lucalox was f r e e  of c racks .  

the l ip area of the specimen;  this  was likely Kovar which deposited when t h e  

f i lament  mel ted  the electrode.  

change s . 

The cy l indr ica l  

A metallic deposit  was found on 

All  other pa r t s  of the a s sembly  showed no 

2 Calculations based on the t e s t  data indicated tha t  up to  24 w / c m  w e r e  

t r a n s f e r r e d  through the  Lucalox specimen. 

was  r eco rded  when the  Kovar tempera ture  was  109OOC. 

f r o m  the f i lament  was  used. 

was  e s t ima ted  to be 192 watts.  

wat ts  w e r e  radiated f r o m  the sur face  of the vacuum can to the bel l  jar wall. 

The  difference w a s  diss ipated as  end losses .  

during the t e s t  a c r o s s  the Kovar-  molybdenum e lec t rodes .  

A f i lament  input power of 320 wat ts  

Only radiant heating 

Average heat t r a n s f e r r e d  through the  spec imen 

Calculations indicated that approximately 52 
I 

A A t  of 5OoC w a s  m e a s u r e d  

A t empera tu re  profile was  calculated without the  gamma heat, using 

the Kovar t empera tu re  reached during the f i r s t  cycle and the  es t imated  192 

wat ts  t r a n s f e r r e d  a c r o s s  the specimen. 

of 55 C fo r  contact r e s i s t ances  in the electrode a s sembly  w a s  not 

included in  the calculated curve.  

The  es t imated  t empera tu re  d r o p  
0 

When the t e s t  a s sembly  was  brought to 
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t e m p e r a t u r e  (1s t  cycle)  the tempera ture  profile was  plotted and is shown in 

F i g u r e  A. 2, in dotted l ines .  The tempera ture  difference a t  sur face  4 con- 

f i r m e d  that  the 55 C contact r e s i s t ance  es t imate  was conservat ively high. 

Actual  contact r e s i s t ance  whown by this t e s t  was  approximately 20 C a s  shown 

at  su r face  3 in  F igure  A. 2. 

F r o m  the t e s t  data with theKovar  tempera ture  a t  4OO0C the At a c r o s s  the 

e l ec t rodes  was  140OC. 

had not expanded to reduce t h e r m a l  contact res i s tance .  

0 

0 

In this  experiment  no hea te r  power was supplied. 

This  was expected s ince a t  this tempera ture  the p a r t s  

During the rma l  cycling, the e lec t rometer  was  connected to the d i r e c t  

I potential  l eads  f rom the Kovar and molybdenum e lec t rodes  through a vacuum 

s e a l  in the be l l  j a r ,  

m e t e r .  

to  the a - c  power to the f i lament ,  the temperature  r e c o r d e r ,  the vac ion gage, 

and other  a - c  sou rces  in the Laboratory.  

t o  e l iminate  a s  much in te r fe rence  a s  possible by shielding. 

cant was  that the in-pi le  capsule was  not heated with an  a - c  fi lament.  

onic emis s ion  probably caused  some measuring problems with this out-of-pile 

exper iment  

A coaxial  cable was used f r o m  the bel l  j a r  to  the e l ec t ro -  

However,  in this  t e s t  e l ec t r i ca l  in te r fe rence  was  noted and w a s  t r a c e d  

The ac tua l  capsule  had been designed 

And m o s t  signifi-  

T h e r m i -  

A d-c  power supply was used t o  apply 10, 20 and 28  V a c r o s s  the 

spec imen and the resu l t ing  c u r r e n t  was  recorded  by the e l ec t rome te r .  The 
, r e s i s t ance  was calculated f r o m  plus and minus readings  co r rec t ing  for  the 

of t empera tu re  for  a lumina and a r e  presented in F igu re  A. 3. 

I 

genera ted  voltage. This  data was plotted as  the log r e s i s t i v i ty  a s  a function 

I 
I 

Due to the 

The band drawn can  e l ec t r i ca l  in te r fe rence  problem,  the data was sca t te red .  

be compared  to the band for  genera l  alumina res i s t iv i ty  data  taken in  a i r  which 

is a l s o  included in the figure.  

the higher tempera ture .  

res i s t iv i ty  a t  t empera tu re  in a vacuum than in a i r  was  not su rp r i s ing  s ince  

I 

I The vacuum data appeared  to  be higher a t  
! The possibil i ty that  Lucalox would have a higher 
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F i g u r e  A .  2. 
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in vacuum condition would el iminate  some possible  su r face  and  ionization 

effects.  T h e  that  could be calculated f r o m  these  data w e r e  not highly 

accura te .  However,  this  t e s t  was  designed p r imar i ly  as a t h e r m a l  expansion 

and hea t  t r a n s f e r  exper iment  t o  conf i rm design calculat ions f o r  the i r rad ia t ion  

capsule  . 

Out-of-Pi le  Elec t r ica l  Resistivity 
Measurements  of Lucalox 

A spec imen  a s sembly  was made  ident ical  to  that  shown in  F i g u r e  5, 

while the Lucalox spec imen itself was  f rom the same lot  t o  be used  in the  

in-pile t e s t .  The  spec imen a s s e m b l y  was ins t rumented  and in se r t ed  i n  a 

horizontal  posit ion i n  the  cen te r  of a tube furnace ;  it was  held by a long 

alumina tube which contacted the furnace wal ls  only at one end where  the  

t e m p e r a t u r e  was  c: 200 C. The two voltage leads w e r e  taken out opposite 

ends of t he  furnace  s o  that  no leakage a c r o s s  hot insu la tors  was possible.  

The  a tmosphe re  i n  the furnace  was  flowing argon with between 5 and 9 ppm 

oxygen content throughout the experiment.  

with thermocouples .  

Bridge f o r  mos t  determinat ions.  

d. c. 2 -probe  method using voltages of 0 f 6. 7 volts. 

was  obtained using voltages between 0 and t 400 volts. 

0 

T e m p e r a t u r e s  w e r e  m e a s u r e d  

E lec t r i ca l  res is t ivi ty  was  m e a s u r e d  using a Wheatstone 

Occasional c r o s s - c h e c k s  w e r e  made  by a 

One vol t -amp curve  

In o r d e r  t o  evaluate  the  effects  of contact r e s i s t a n c e  and to  de te rmine  

i f  f a i lu re  would occur  as a r e su l t  of the  t h e r m a l  expansion misma tches ,  a 

second spec imen  a s sembly  was  fabricated using the  s a m e  Lucalox spec imen 

that was  used  in  the  f irst  experiment .  T h i s  a s sembly ,  however,  was  not 

typical  of t h e  ones t o  be used i n  the  in-pile t e s t  in t ha t  it was  designed with 

c loses t  f i t  d imensions possible  which were n e c e s s a r y  to achieve the object ives  

of the tes t .  
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The log of e l ec t r i ca l  res i s t iv i ty  a s  a function of tempera ture  is plotted 

in F igure  A . 4  for  the in-pile prototype specimen assembly .  

up data  probably r e p r e s e n t s  sur face  contamination. 

to  be dr iven  off above 700 C and the specimen was heated to the i so the rma l  

t e s t  t empera tu re  of 990 & 5 C. 

hour s ;  a s m a l l  change occur red  in the e lec t r ica l  res i s t iv i ty  during the first 

hour and the rea f t e r  no fur ther  changes were observed. Resis t ivi ty  m e a s u r e -  

men t s  w e r e  taken on the cool down cycle to 675 C;  below this  t empera tu re  the 

r e s i s t ance  was  too high to m e a s u r e  accurately.  

The ini t ia l  heat 

This  contaminant appeared  
0 

0 The specimen was held at tempera ture  for  1 2  

0 

0 The second specimen a s sembly  was tes ted a t  973  C af te r  a heating 

per iod  of t h ree  days to t e s t  t empera ture .  The calculated res i s t iv i ty  m e a s u r e -  

men t s  ( a l s o  shown in F igure  A . 4 )  yielded data that was essent ia l ly  identical  to 

that for  the in-pile prototype assembly .  On the bas i s  of these measu remen t s ,  

i t  was concluded that the contact res i s tance  was  not appreciable  and would not 

influence the in-pi le  t e s t  r e su l t s .  

Four  P r o b e  Elec t r ica l  Resistivity 
Measurements  of Lucalox 

After  the i r r ad ia t ion  of the Lucalox spec imens ,  the question of e l ec t r i -  

c a l  contact  r e s i s t ance  was again r a i sed .  

on th i s  i t em,  a four probe e l ec t r i ca l  res i s t iv i ty  measu remen t  of Lucalox was 

per formed.  

the mechanica l  spec imen-e lec t rode  interface that was  es tab l i shed  by p r e s s u r e  

contact.  During the fir s t  rr ieasurements,  the molybdenum electrode was  

par t ia l ly  oxidized and the e l ec t r i ca l  r e su l t s  show a var ia t ion with the heating 

and cooling portion of the curve.  

the molybdenum and Lucalox was par ted,  and  the re fo re ,  the r e s u l t s  w e r e  not 

conclusive.  

In o r d e r  to  obtain fur ther  information 

Molybdenum was metal l ized to  the Lucalox sample to e l iminate  

These data  indicate tha t  the bond between 
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E lec t r i ca l  Zesis t ivi ty  Measurements  
of Wesgo Alumina 

E l e c t r i c a l  res i s t iv i ty  measu remen t s  of the alumina isolation insulator  

The alumina used for this  appl ica-  w e r e  made  over a range  of tempera tures .  

tion was  Wesgo 97. 570 pure  alumina. A specimen,  0. 049 inch by  0.433 inch 

was  cut f r o m  the a s - r ece ived  r ight  cylinder stock. 

l ized with platinum and platinum foil was then brazed  to  the sample.  

l eads  w e r e  spot welded to the foil. 

r e s i s t ance  furance and tes ted in an  argon a tmosphere .  

c r ibed  in the previous section w e r e  used to m e a s u r e  the e l e c t r i c a l  p rope r t i e s  

of the Wesgo 97. 5. 

The specimen was m e t a l -  

Plat inum 

The specimen w a s  centered  i n  a ve r t i ca l  

The techniques d e s -  

The values of e l ec t r i ca l  res is t ivi ty  a r e  plotted a s  a function of t emper -  

a t u r e  in F igu re  A .  5. 

the published l i t e r a tu re  on alumina. 

m a t e r i a l  w a s  acceptable  for u se  a s  the isolation insulator  member  of t h e  

capsule.  

These r e s u l t s  a r e  in genera l  ag reemen t  with much of 

Based on these measu red  values ,  the 
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